Abstract-This paper presents a low phase noise wide tuning range Class-F voltage controlled oscillator using a dual-mode resonator. In comparison to other conventional wideband oscillators the proposed capacitively/inductivelycoupled resonator will integrate the benefits of Class-F voltage control oscillators and dual-mode switching networks to obtain simultaneous low phase noise and wide-tuning range. The proposed structure prototyped in a 65nm TSMC CMOS technology, shows a 2.14-4.22GHz continuous tuning range, phase noise figure-of-merit (FoM) of 192.7dB at 2.3GHz and better than 188dB across the entire operating frequency range. The oscillator consumes 15-16.4mW from a 0.6V supply and occupies an active area of 0.7mm 2 .
I. INTRODUCTION Designing a voltage controlled oscillator (VCO) of high spectral purity with low power consumption for a wide spectrum still remains to be a challenging task in highperformance wireless communication systems. Even though, extensive research has been conducted to improve the overall performance for a high figure-of-merit (FoM) [1] [2] [3] [4] [5] [6] [7] , one still has to dabble with the trade-offs. For example, the traditional Class-B VCO is widely prevalent in the market due to its simple and robust design. However, just by replacing the ideal current source with a real one, its phase noise (PN) and power efficiency significantly deteriorates when the cross-coupled gm-devices enter deep triode region for part of the oscillation period [1] , [2] . M. Babaie et al' [5] Class-F VCO obtains a better PN with higher power efficiency but use of varactors and switched capacitor banks limits the overall tuning range for state-ofthe-art PN performance. Thus, it becomes extremely difficult to simultaneously meet both PN and tuning range requirements. Several ideas have been proposed to alleviate this issue in Class-B VCO architectures [6] - [7] . Of particular interest, is the use of inductively and capacitively coupled resonant-mode switching scheme that significantly increases tuning range without degrading PN in Class-B [7] . Therefore, this paper proposes a dualmode resonator to integrate the advantages of resonantmode switching with Class-F operation to achieve simultaneous wide-tuning range and low phase noise performance. The implemented VCO in 65nm CMOS (a) (b) Fig. 1 .
Transformer-coupled Class-F oscillator and its characteristics: (a) schematic of the oscillator; (b) Oscillation voltage waveform; [5] . technology is continuously tunable over a tuning range of 2.14-4.22GHz and achieves an excellent phase noise of -137.28 dB at 1MHz offset for a 2.3GHz carrier while drawing 15-16.4mW from a 0.6V supply.
II. PROPOSED DUAL-MODE CLASS-F OSCILLATOR
For an optimum phase noise performance, LC oscillator is usually biased at the current and voltage limited boundary regions, where the oscillation amplitude reaches an upper limit set by the supply voltage [2] . H. -C. Chang et al [4] shows that by coupling N oscillators, the effective phase noise factor can be reduced by a factor of N by maintaining the same FoM. This theory has been utilized in the resonant-mode switched VCO design [7] . A Class-F oscillator implementation [5] can further reduce the effective noise factor. Thus, by proper integration of dual mode resonance switching [7] with Class-F operation [5] , a low phase noise wide-tuning VCO can be designed. Fig. 1 shows the implemented transformer-coupled Class-F oscillator. As per the linear time variant model [1] , better phase noise and power efficiency can be achieved by shaping the output waveform of an oscillator. A Class-F oscillator enforces a pseudo square wave waveform across the LC tank (VD1-VD2) by self-injecting a third harmonic at the fundamental oscillation voltage through an additional impedance peak at that frequency. This square wave has sharper zero crossings and flatness when the transistor turns on/off respectively, which effectively reduces the rms value of the ISF and noise contribution to the phase noise. The ratio of the two resonant frequencies in Fig.1 is given by
A. Class-F Operation
solely is a function of tuning inductance and capacitors ratio (X), and the coupling coefficient km, and thus is independent of process variations. To adjust ω2/ω1 =3, a km of 0.7-0.8 lowers sensitivity to X and increases voltage gain [5] .
B. Dual-Mode Resonator
As illustrated in Fig. 2 , the proposed resonator consists of two identical 4 th -order resonators (Lp1=Lp2, Ls1=Ls2, Cp=Cs) which are inductively and capacitively coupled. Coupling values, k11, k22, k12, and k21 represents the magnetic coupling coefficients for the sets (Lp1, Lp2) (Ls1, Ls2), (Lp1, Ls2) and (Ls1, Lp2), respectively. Cpp and Css represent the capacitive coupling between the primary and secondary tanks. Each of the 4 th -order resonators consist of two magnetically coupled LC tanks satisfying conditions for a Class-F oscillation. Intuitively, Cpp and Css, provide resonance at two different frequencies depending on whether the polarity of the voltages and currents are in phase, or out of phase across the coupled capacitors [7] . It should be noted, that the third harmonic frequency component accompanies its respective first order harmonic content due to the Class-F operation. Fig. 3 shows the effects of magnetic and electric coupling on the input impedance (Zin) seen from each port of the primary winding (Lp1, Lp2). As expected, this figure shows four impedance peaks. ωfH and ω3fH for higher resonant mode, and ωfL and ω3fL for the lower resonant mode. At the fundamental harmonic, by only increasing k11 (or k22), the two resonant frequencies move apart such that the impedance peak (|Zin|) at ωfL increases, while decreasing at ωfH. On the other hand, Cpp (or Css) pushes down ωfL, without affecting ωfH. At the third harmonic, one can see that Cpp (or Css) and k11 (or k22) increases the separation between the two |Zin| peaks at ω3fL and ω3fH, while changing k12 (or k21) brings these peaks closer. Moreover, wider impedance bandwidth, i.e., lower tank Q, at the 3 rd harmonic frequency, makes the design less susceptible to the position of ω2, or the Cp/Cs ratio change, such that the integrity of Class-F waveform is maintained with negligible degradation in the phase noise performance. By finding the analytical expression for Zin(ω) and assuming Ls=3Lp, Cp=Cs, Cpp=Css=αCp, and k11=k12=k22=k21= k, the ratio of resonant frequencies is found as Fig. 3(d) , is solely a function of km and k providing a one to one relation between k and km for H=3, to guarantee Class-F operation in the higher resonant mode. By substituting km values from (3) in (2), L can be found as a function of k and ߙ, which is graphically shown in Fig. 3(e) . Interestingly, L=3 can be obtained for two different values of ߙ for a given k value. However, since Cpp and Css append as fixed capacitors, a larger value of ߙ will limit the overall tuning range in the lower resonant mode. Moreover, choosing a negative value for k11, and k22 will also increase the separation between higher and lower resonant mode at the first harmonic as shown in Fig.3(a) while a positive value will bring them closer. In summary, choice of ߙ and k for L=3, and H=3, is shown in Fig.3(f) .
C. Mode Switching Network
Using only negative-Gm cells can possibly result in concurrent dual-mode oscillations due to same |Zin |values for both resonant modes to obtain similar power consumption and PN. Thus, to implement a solution to activate the desired resonant mode while damping the other, one needs to understand how the network in Fig. 2 responds to fH and fL mode excitations. The system can be modelled as a two port Y network. It should also be noted that due to symmetry, the effective conductance I1/V1 and I2/V2 are equal. Now, assume a current of Iinj= Gmc . V2 is injected into the first port of the resonator, as shown in Cos (ߠ) is negative when the resonator operates at ωfL (lower mode) while it becomes positive at ωfH (higher mode). Consequently, when Gmc > 0, the effective conductance seen from port 1 is -Gm + Gmc, increasing the total loss of the resonator at higher mode. On the other hand, at lower mode, YC = -Gm -Gmc. Therefore, a sufficiently positive Gmc can excite oscillation at ωfL mode while damping it at ωfH. Similarly, negative Gmc will show a completely opposite behaviour and can make the oscillator work at ωfH. Thus, only by changing the polarity of Gmc, it is possible to switch between the two modes. Fig. 4 shows the complete schematic of the dual-mode Class-F oscillator. Each 4 th -order Class-F tank consists of a transformer-coupled Gm cell which remains on in both resonant modes. To maintain ω2/ω1=3, the primary and secondary self-inductance are chosen to be approximately 0.5nH and 1.5nH respectively with a magnetic coupling coefficient of km=0.71.
D. Circuit Implementation
Gmc cells are voltage-controlled current sources which control the resonant modes of operation. For operation in the lower mode, the positive polarity for Gmc is maintained by the bottom pair while the top Gmc pair is switched off. Similarly, for enabling the higher mode, the top negative polarity Gmc cells are switched on while the bottom pairs are off. Variations in polarity can be seen easily by noting the change in connections made across the two 4 th order Class-F tanks. Selecting proper values for the inductive (k11, k22, k12, k21) and capacitive coupling (Cpp, Css), and Gmc cells between the two Class-F tanks is one of the major hurdles in this design, because (a) tuning range of the lower mode is restricted by the choice of Cpp and Css. Thus, to obtain a wide tuning range across each band, these capacitors must be kept small, (b) Gmc coupling between the two 4 th -order tanks should be sufficiently strong to avoid frequency mismatch i.e., damping one frequency mode when the other is operating to obtain a 3dB PN improvement, and (c) maintaining ω2/ω1 =3 for each of the two bands is necessary to guarantee Class-F operation. Thus, to cover a tuning range of around 40-45 % in each mode while achieving Class-F operation, M (k11 = k12 = k21 = k22), Cpp and Css were chosen to be -0.1, 300fF and 300fF, respectively. Cpp and Css are fixed, and implemented using metal-insulator-metal (MIM) capacitors. Cp (or Cs) is a 6-bit binary weighted capacitor array for coarse tuning [3] . Fine tuning is achieved by employing a pair of MOS varactors in Cp (or Cs). The centre-taps of each transformer is connected to a 0.6V power supply. The MOS switches are enabled by a 0/1.2V bias. Also, the control voltage of the varactors is varied between 0-1.2V.
III. FABRICATION AND MEASUREMENT RESULTS
The proposed VCO was fabricated using TSMC 65nm CMOS technology. A die microphotograph of the chip is shown in Fig 5(a) , occupying an active area of 0.7 mm 2 , while consuming 15-16mW power from a 0.6V supply. Fig. 5(b) shows a sample of measured phase noise curve at 2.3GHz in lower mode. The tuning range and phase noise were measured using Agilent E4446A spectrum analyser. Fig. 6(a) shows the measured tuning range, in which B<5:0> is the 6-bit digital control word of the switched capacitor banks. The wideband Class-F VCO successfully covers a continuous tuning range from 2.14-4.22GHz. with enough overlap between the two modes promising its functionality even in the presence of worst case PVT variations. Fig 6(b) shows the measured phase noise at 1MHz offset frequency throughout the tuning range. The FoM of the VCO ranges from 188-193dB which is comparable to state-of-the-art designs [1] [2] [3] [4] [5] [6] [7] . The oscillator performances are summarized in Table I and compared with other state-of-the-art oscillators. The presented oscillator shows an excellent FoM while covering a wide tuning range. IV. CONCLUSION A low PN wide-tuning Class-F VCO based on a dualmode resonator was presented. The prototype spans over 2.14-4.22GHz and achieves low PN across the entire band.
